ABSTRACT UDP-glucose:(1,3)-j%-glucan synthase from Beta vulgaris L. was rapidly inactivated by treatment with phospholipases C, D, and A2. Enzyme activity could not be restored to the phospholipasetreated enzyme by the addition of phosphatidylethanolamine or other phospholipids. Membrane-bound and solubilized glucan synthase were also trypsin-labile with inactivation rates equal in the presence or absence of divalent cations or chelators. Gradual activity declines were observed in membranes incubated with divalent cations, but not with chelators.
The plasma membrane of higher plants contains a UDPglucose:(l,3)-3-glucan synthase. This enzyme is significant due to its known participation in callose biosynthesis and its possible role in the biosynthesis of cellulose (6) . Effector requirements have been documented (13) and the enzyme has been partially purified from red beet storage tissue (8, 20) .
Knowledge of this enzyme's phospholipid milieu and susceptibility to proteolysis is important both from the standpoint of its purification and physiological role. Efforts to purify the (l-glucan synthase of red beet storage tissue in the presence of detergents have shown that phospholipids are modulators of enzyme activity. Wasserman and McCarthy (21) extracted membranes with Triton X-100 and found that activity could be restored to the Triton pellet by addition of positively charged phospholipids. Sloan et al. (20) showed that association of the enzyme with phospholipids was essential for active enzyme to be recovered from gel filtration columns.
Another tool that has been used in conjunction with glycosyl transferase purification and regulatory study is protease modification. Chitin synthase, for example, is converted by trypsin from an inactive zymogen to active enzyme (4, 5, 7) . Immobilized trypsin was used to activate the enzyme and as a means to partially degrade contaminating proteins during its purification by product entrapment (14 and Brown (16) described a similar strategy for purification of cellulose synthase from Acetobacterxylinum. This cellulose synthase appears to be resistant to trypsin (3), therefore trypsin pretreatment of the membranes was used to minimize the number of steps necessary to obtain a homogeneous preparation. Activation of some higher plant and fungal glucan synthases by proteases has been reported. Kauss et al. (15) described the activation of glucan synthase from soybean suspension cells. Trypsin activated glucan synthase from pea at low levels but was inhibitory when levels were raised (12) . Glucan synthase from the fungus Saprolegnia was also stimulated by trypsin (11) . In contrast, the yeast enzyme was inhibited by trypsin pretreatment (19) . The 
Preparation of Glucan Synthase Fractions
Microsomal membranes and enriched plasma membrane preparations were isolated from red beet (Beta vidlgaris L.) storage tissue as described (20, 22 
Recovery of Phospholipase and Triton X-100 Extracted Membranes
Plasma membranes were incubated with phospholipase C (5 units/mg protein), D (35 units/mg), and A2 (2.5 units/mg); Triton X-100 (2% w/v); or with phospholipases followed by Triton X-100 extraction in the appropriate buffer for each phospholipase. Incubation mixtures were generally I to 2 mL. Each incubation was for 15 min at 30°C. Membranes were centrifuged at 80,000g for 45 min, resuspended in 50 mM Hepes-NaOH (pH 7.5), and recentrifuged. Pellets were resuspended in 50 mm Hepes-NaOH (pH 7.5), containing 15% glycerol to their initial volume and were assayed for activity, protein, extracted with chloroform/methanol, and assayed for phospholipid phosphorous as described (21 (Fig. IA) and time-dependent (Fig. IB) manner. To determine whether this effect was reversible, attemtps were made to reconstitute phospholipase-treated membranes with exogenous phospholipids. Phospholipase digestions were scaled-up and membranes washed by centrifugation. Centrifugation would also remove any soluble phospholipase reaction products that might be inhibiting the enzyme or any enzyme solubilized by the phospholipases. Wash solutions were devoid of enzyme activity. Washed pellets were assayed in phosphatidylethanolamine and phosphatidylcholine since positively-charged phospholipids restored activity to glucan synthase that had been depleted ofphospholipids by detergent extraction (20, 21) . The simple addition of phosphatidylethanolamine (Fig. 2) or phosphatidylcholine (not shown) to membranes that had been exposed to either phospholipases alone ( Fig. 2A) or phospholipases and Triton X-100 (Fig. 2B) was not able to restore activity. Similarly, combinations of digitonin and phosphatidylethanolamine or phosphatidylcholine were unable to restore activity to phospholipase-treated enzyme. On the other hand, activity was partially restored to membranes that had been treated with Triton X-100 alone (Fig. 2B) .
Phospholipid analysis, based on measurement ofphosphate content, was conducted on phospholipase and Triton X-100 washed pellets. Phospholipase treatments lowered phosphate levels of the membrane by 32 to 56% whereas Triton X-100 removed about 80% ofthe phosphate (Table I) . Combinations of Triton X-100 and phospholipases did not increase the amount of membrane phosphate removed beyond 80%. Figure 2 . Effects of phosphatidylethanolamine on phospholipasetreated glucan synthase. A, Membranes treated with phospholipase alone. Unes are extrapolated to a data point at 5%. B, Membranes extracted with various phospholipases followed by a second extraction with Triton X-100 or extracted once with Triton X-100. Conditions for treatment of membranes with phospholipases and Triton X-100 are described under "Materials and Methods." Table I . Glucan Synthase Activity, Protein, and Total Phospholipid Content of Phospholipase and Triton X-100 Extracted Membranes
Conditions for treatment of membranes with phospholipases and Triton X-1 00 are described under "Materials and Methods." Extraction with chloroform/methanol and phosphorus assay was conducted as described (21 The fact that only the Triton X-l00-treated membranes could be reactivated with phospholipids suggests that phospholipases affect boundary lipid differently than detergent extraction. In these (Fig. 2) and other experiments where boundary phospholipid was removed by detergent extraction (20, 21) it was possible to restore enzymic activity by adding phospholipid. After exposure to phospholipases, however, all attempts to restore activity were unsuccessful. One possible explanation is that various phospholipase reaction products such as lysophospholipids bind to and inhibit glucan synthase.
If this were the sole cause of enzyme inactivation, one might expect some return ofactivity after removal ofthese products. Figure 2 shows that activity could not be restored to phospholipase-treated glucan synthase by removing inhibitors either by centrifugation or detergent extraction followed by adding back phospholipid. Another question which these data raise is whether glucan synthase contains covalently bound phospholipid, a modification being found on an increasing number of enzymes (9, 10, 18) . Covalently bound phospholipid is thought to act as an anchor for membrane proteins. It may be possible that glucan synthase, an integral membrane protein, contains covalently bound as well as noncovalently bound boundary lipid. This could mean that a critical site of action for the phospholipases is at phospholipid covalently attached to the enzyme. Removal ofdiacyl groups, fatty acids, or other moieties could result in irreversible inactivation. An observation which supports this speculation is that phospholipids appear to be only partially extracted from glucan synthase preparations by detergent extraction (Table I) . It will be possible to approach this question experimentally once the polypeptides comprising the catalytic or regulatory subunits are known. In addition, it will be of interest to test the effects of a phosphatidylinositol specific phospholipase C.
Trypsin Sensitivity
Callose synthase from red beet is inactivated by trypsin in a concentration (not shown) and time-dependent manner (Fig. 3) . No evidence for a trypsin-activatible zymogen, as reported for the same enzyme in suspension-cultured soybean cells (15) , pea (12) , or chitin synthase (14) , was found. Callose synthase also behaves differently from cellulose synthase (3), which is unaffected by trypsin.
Divalent cations are required for activity (13) and for UDPpyridoxal binding to the enzyme from mung bean (17) and red beet (SM Read, TL Mason, personal communication). Furthermore, divalent cations suppress solubilization (20) . When divalent cations are removed by chelators, no activity is observed and solubilization is promoted. These observations suggest the enzyme may take on several distinct conformational or aggregational states (13) . Differential susceptibility to trypsin digestion in the absence and presence of various effectors has been used as a means to gauge such changes in conformation (2) .
Control experiments with membranes incubated in the absence ofdetergent revealed that a gradual decline in activity is observed when membranes are incubated with Ca2' and Mg2+ which is not seen when chelators (Fig. 3A) are present or in the presence of digitonin or CHAPS (Fig. 3, C (Fig. 3B) . When digitonin was present (Fig. 3C) , the difference in control activities was much less pronounced and with CHAPS ( Fig. 3D ) no significant difference between controls incubated with divalent cations or chelators was seen. As was found with intact membranes no differences in trypsin inactivation rates were seen in response to chelators or divalent cations (Fig. 3, C and D) . These results imply that trypsin is acting at a hydrophilic site on the enzyme. Although a differential response to trypsin was not observed, the possibility of conformational changes occurring at regions of the enzyme not accessible to trypsin cannot be ruled out. These results also point out that although ions are important in assays for maximal expression of activity, prolonged exposure of the enzyme to divalent cations in the absence of detergent has deleterious effects on activity.
Physiologically, enzyme turnover may be regulated by interactions with endogenous phospholipases and proteases. The presence of covalently bound phospholipid is possible. Definitive confirmation will require unambiguous identification of the enzyme's catalytic and regulatory subunits. Growing cells may then be incubated with radiolabeled lipid precursors to establish whether lipids become covalently associated with these polypeptides. With respect to the design of purification protocols, care must be taken to avoid contact of the enzyme with endogenous phospholipases and proteases. Trypsin pretreatment does not appear to be an option for excluding contaminants from red beet and probably other callose synthase preparations.
